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Aging is one major risk factor for numerous diseases. The
enzyme telomerase reverse transcriptase (TERT) plays an
important role for aging and apoptosis. Previously, we demon-
strated that inhibition of oxidative stress-induced Src kinase
family-dependent nuclear export of TERT results in delayed
replicative senescence and reduced apoptosis sensitivity. There-
fore, the aim of this study was to investigate mechanisms inhib-
itingnuclear export ofTERT. First,wedemonstrated thatH2O2-
induced nuclear export of TERT was abolished in Src, Fyn, and
Yes-deficient embryonic fibroblasts.Next,wewanted to identify
one potential negative regulator of this export process.One can-
didate is the protein tyrosine phosphatase Shp-2 (Shp-2), which
can counteract activities of the Src kinase family. Indeed, Shp-2
was evenly distributed between the nucleus and cytosol.Nuclear
Shp-2 associates with TERT in endothelial cells and dissociates
from TERT prior to its nuclear export. Overexpression of Shp-2
wt inhibitedH2O2-inducedexport ofTERT.Overexpressionof the
catalytically inactive, dominant negative Shp-2 mutant (Shp-
2(C459S)) reduced endogenous as well as overexpressed nuclear
TERTprotein and telomerase activity, whereas it had no influence
on TERT(Y707F). Binding of TERT(Y707F) to Shp-2 is reduced
compared with TERTwt. Ablation of Shp-2 expression led only to
an increased tyrosine phosphorylation of TERTwt, but not of
TERT(Y707F). Moreover, reduced Shp-2 expression decreased
nuclear telomerase activity, whereas nuclear telomerase activity
was increased inShp-2-overexpressingendothelial cells. Inconclu-
sion, Shp-2 retains TERT in the nucleus by regulating tyrosine 707
phosphorylation.

Telomeres are the physical ends of the chromosomes. They
maintain chromosome stability, genetic integrity and cell via-

bility in a variety of different species (1, 2). Telomeres can also
function as amitotic clock, because telomeres are progressively
shortened during each cell division. The enzyme telomerase,
with its catalytic subunit telomerase reverse transcriptase
(TERT),5 counteracts the shortening of telomeres. Introduc-
tion of TERT into human cells extended both their life-span
and their telomeres to lengths typical of young cells (3–5). In
addition to this well known function of TERT, functions inde-
pendent of telomere shortening have been described. TERThas
been shown to inhibit apoptosis (6, 7). Recently, it has been
demonstrated that TERT is also localized in the mitochondria,
but its function there is discussed controversially (8–10). TERT
is regulated by transcriptional and post-translational mecha-
nisms. Phosphorylation, binding proteins, and cellular localiza-
tion have been described for post-translationalmodifications of
TERT (11–15). TERT can be phosphorylated and its activity is
regulated by kinases like c-Abl, PKC, ERK1/2, andAkt (16–20).
We demonstrated that TERT is tyrosine-phosphorylated by the
Src kinase family under conditions of oxidative stress (21, 22).
Functionally, this results in nuclear export of TERT disrupting
the anti-apoptotic and telomere-extending potential of the
enzyme, which subsequently leads to enhanced apoptosis sen-
sitivity and accelerated senescence of cells (21, 22).
One important regulator of the Src kinase family activity is

the protein tyrosine phosphatase Shp-2 (Shp-2). The impor-
tance of Shp-2 for survival has been documented by the Shp-2
knockout mice which are embryonic lethal (23). All the
describedmechanisms for the regulatory mechanisms of Shp-2
are associated with its ability to dephosphorylate target mole-
cules such as Src kinase family members, which are bound to
growth factor receptors at the membrane to inhibit the perma-
nent activation of the receptors by kinase phosphorylation (for
review see Ref. 24). Recently, it has been demonstrated that
Shp-2 is also localized in the nucleus, where it binds to the
transcription factor STAT5a and thereby regulates its function
(25). Because the regulation, which leads to nuclear export of
TERT has to occur in the nucleus, we hypothesized that Shp-2
might counteract the nuclear export of TERT.

* This study was supported by the Deutsche Forschungsgemeinschaft
(SFB728/B5 and HA2868/2-3, to J. H.). The costs of publication of this article
were defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
Section 1734 solely to indicate this fact.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1–S5.

1 Supported by the Research Training Group 1089, Project 7a.
2 Senior authors contributed equally to this work.
3 To whom correspondence may be addressed. Tel.: 49-211-3389-291; Fax:

49-211-3389-331; E-mail: joalt001@uni-duesseldorf.de.
4 To whom correspondence may be addressed. Tel.: 49-211-3389-291; Fax:

49-211-3389-331; E-mail: juhae001@uni-duesseldorf.de.

5 The abbreviations used are: TERT, telomerase reverse transcriptase; Shp-2,
protein tyrosine phosphatase Shp-2; EC, human umbilical venous endo-
thelial cells; HEK, human embryonic kidney cells; MEF, mouse embryonic
fibroblasts; wt, wild type; GFP, green fluorescent protein; GAPDH, glyceral-
dehyde-3-phosphate dehydrogenase.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 48, pp. 33155–33161, November 28, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

NOVEMBER 28, 2008 • VOLUME 283 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 33155

http://www.jbc.org/cgi/content/full/M805138200/DC1


Our data demonstrate that nuclear export of TERT is trig-
gered by Src and/or Yes. One negative regulator of this export is
Shp-2. Shp-2 is localized in the nucleus, is associated with
TERT and dissociates from TERT prior to its export. The cat-
alytic activity of Shp-2 is crucial for retaining TERT in the
nucleus.

EXPERIMENTAL PROCEDURES

Cell Culture—Endothelial cells (EC) were cultured in endo-
thelial basal medium supplemented with hydrocortisone (1
�g/ml), bovine brain extract (12 �g/ml), gentamycin (50
�g/ml), amphotericin B (50 ng/ml), epidermal growth factor
(10 ng/ml), and 10% fetal calf serum. After detachment with
trypsin, cells were grown for at least 18 h (26, 27). Human
embryonic kidney cells (HEK) were cultured in DMEM basal
medium with 10% heat-inactivated fetal calf serum. Mouse
embryonic fibroblasts deficient of Src, Fyn, and Yes and their
wild-type counterparts were cultured in Dulbecco’s modified
Eagle’s medium with 10% heat-inactivated fetal calf serum and
gentamycin.
Plasmids—Human Shp-2 was cloned out of endothelial cell-

derived cDNA incorporating EcoRI and BamHI restriction
sites. The amplified PCR product was subcloned into
pcDNA3.1 (�) vector containing aMyc tag (Invitrogen) or into
pGFP vector creating a Shp-2 GFP fusion. The catalytically
inactivemutant of Shp-2 (Shp-2(C459S)) was generated by site-
directedmutagenesis (Stratagene) out of Shp-2 wt. The hTERT
construct was kindly donated by Dr. Weinberg (28). TERT was
subcloned into pcDNA3.1(�)Myc-His vector (TERTwt) con-
taining the Myc tag at the C terminus. TERT(Y707F) was gen-
erated by site-directed mutagenesis. ShRNA vectors were
obtained from Sigma (Mission shRNA series).
Transfection—HEK were transiently transfected with Lipo-

fectamine/Plus according to the manufacturer’s protocol
(Invitrogen) as previously described (29) with a transfection
efficiency of 90 � 4%. EC were transiently transfected with
Superfect (Qiagen) as described previously. Mouse embryonic
fibroblasts were transiently transfected with Lipofectamine/
Plus according to the manufacturer’s protocol (Invitrogen).
Transfection of siRNA was performed by using INTERFER-
RinTM according to the manufacturer’s protocol (POLYPLUS
transfection). Sequence of scrambled siRNA: 5�-AACU-
UGAGAAUCGCCUGAA-3�, sequence of Shp-2 siRNA:
5�-GAAGCACAGUACCGAUUUA-3�.
Telomerase Enzyme Activity Measurement—Telomerase

enzyme activity was measured using a commercially available
PCR-based assay according to the manufacturer’s protocol
(Roche Applied Science) as previously described (30). In brief,
after PCR amplification, PCR products were either used for
detection of telomerase enzyme activity by 1) ELISA or by 2)
telomerase-mediated DNA laddering. 1) For ELISA, PCR prod-
ucts are immobilized via the biotin-labeled TS primers (pro-
vided with the assay) to a streptavidin-coated microtiter plate.
The linearity of the assay was assured by the positive controls
provided by the company, and as negative controls heat (95 °C,
2min) and RNase-treated samples were used in the presence of
the biotinylated primers (inset, Fig. 5b).

Separation of Nuclear and Cytosolic Extracts—Nuclear and
cytosolic extracts were separated using a commercially avail-
able kit according to the manufacturer’s protocol (Pierce). In
brief, cells were scraped off the dish and centrifuged at 800 � g
for 5 min at 4 °C. The resulting pellet was resolved in cytosolic
extraction reagent I (CERI buffer) and incubated for 10 min at
4 °C. After adding cytosolic extraction reagent II (CERII buffer)
and further incubation for 1 min at 4 °C, samples were centri-
fuged at 16,000� g for 5 min at 4 °C. The resulting supernatant
contained the cytosolic fraction. The resulting pellet was
washed with phosphate-buffered saline and resuspended in
nuclear extraction reagent (NER buffer) and incubated for 60
min at 4 °C.After centrifugation for 15min at 16,000� g at 4 °C,
the resulting supernatant was obtained as nuclear fraction.
Purity of the nuclear and cytosolic extracts was always assured
by immunoblotting with topoisomerase 1 (nuclear) and HSP70
(cytosolic).
Immunoprecipitation and Immunoblotting—Lysates (250

�g) were immunoprecipitated with 2.5 �g of Shp-2 antibody or
2.5 �g ofMyc antibody overnight at 4 °C. After incubation with
A- and G-Sepharose (Amersham Biosciences) for 2 h at 4 °C,
resulting beads were washed, subjected to SDS-PAGE sample
buffer, and resolved on a 10% SDS-PAGE.
Immunoblotting was performed with antibodies directed

against TERT (1:200, overnight, 4 °C, Calbiochem or 1:500,
overnight, 4 °C, Rockland), actin (1:8000, overnight 4 °C,
Sigma) and Shp-2, Myc, Hsp70, Ref-1, topoisomerase I (2 h,
1:250, all Santa Cruz). Antibodies were detected by the
enhanced chemiluminescence system (Amersham Bio-
sciences). Semi-quantitative analyses were performed on
scanned immunoblots using Scion Image 1.6 (Scion Corp.).
Immunostaining—Cells were fixed in 4% paraformaldehyde

and permeabilized using 0.3% Triton X-100 and 3% bovine
serum albumin in phosphate-buffered saline. For immuno-
staining, cells were incubated with an antibody against TERT
and stained with an anti-rabbit Texas-Red-conjugated Fab
fragment. Nuclei were counterstainedwith Sytox-Blue orDAPI
(1:1000, 5 min, Molecular Probes). Cells were visualized with
confocal microscopy (Zeiss, LSM 510 META, magnification
1:40 oil).
Statistics—Statistical analysis was performedwith Student’s t

test or Wilcoxon, Mann-Whitney test using XLSTAT 2008.

RESULTS

Nuclear Export of TERT Depends on Src and Yes—
Recently, we demonstrated that short term exposure to oxi-
dative stress as well as aging-induced reactive oxygen species
formation led to a Src kinase family-dependent nuclear
export of TERT. Loss of nuclear TERT resulted in increased
apoptosis sensitivity and accelerated senescence (21, 22). To
reduce the number of candidates of the Src kinase family,
which are responsible for oxidative stress-induced nuclear
export of TERT, we used embryonic mouse fibroblasts defi-
cient for Src, Fyn, and Yes and overexpressed TERTwt in
these cells. Treatment with 500 �M H2O2 for 6 h resulted in
a reduction of nuclear TERT protein and an increase in cyto-
solic TERT protein in wildtype fibroblasts. In contrast, in
fibroblasts deficient for Src, Fyn, and Yes, nuclear export of
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TERTwas completely abolished (Fig. 1a) demonstrating that
these three kinases play a role in this process.
The functional relevance of these kinases in EC is substanti-

ated by the fact that Src and Yes could be detected in nuclear
extracts of them (Fig. 1b). Having demonstrated that Src and/or
Yes are responsible for oxidative stress induced nuclear export
of TERT, we next wanted to identify one of the counter players,
which inhibits nuclear export of TERT.One known inhibitor of
Src kinase family functions is Shp-2. However, to inhibit
nuclear export of TERT, Shp-2, like Src and Yes must be local-
ized in the nucleus. Therefore, we first investigated the cellular
localization of Shp-2 in EC. We found that Shp-2 is evenly dis-
tributed between the nuclear and cytosolic extracts (Fig. 2a).
Thus, we hypothesized that Shp-2 could be indeed the counter
player for oxidative stress-induced nuclear export of TERT.
Similar to endogenous Shp-2, overexpressed, myc- or GFP-
tagged Shp-2 were also localized in the nucleus (Fig. 2a and
supplemental Fig. S1).
If Shp-2 is involved in TERT nuclear export by oxidative

stress, we hypothesized that Shp-2 itself must be regulated by
H2O2 in EC. Indeed, incubationwith 200�MH2O2,which led to
a nuclear export of TERT, resulted in a minor, but significant
decrease of total Shp-2 protein and activity (Fig. 2, b and c).

Shp-2 Associates with TERT and Retains It in the Nucleus—
To get first insights whether Shp-2 could be a direct player in
the regulation of TERT, we next determined whether TERT
and Shp-2 associate with each other in the nucleus. Therefore,
we co-immunoprecipitated endogenous Shp-2 and TERT-myc
from nuclear extracts of TERT-myc-transfected cells. Indeed,
the majority of TERT is associated with Shp-2 in the nucleus
(Fig. 3). This association seems to be specific as we did not find

FIGURE 1. Absence of Src, Fyn, and Yes completely abrogates nuclear
export of TERT. a, Src, Fyn, Yes-dependent nuclear export of TERT. Embry-
onic fibroblasts from mice deficient for Src, Fyn, and Yes (SFY�/�) and from
their wild-type counterparts (WT) were transfected with TERT-myc and incu-
bated with 500 �M H2O2 for 6 h. Nuclear and cytosolic extracts were prepared
as described under “Experimental Procedures” and used for immunoblotting;
shown is a representative blot of three independent experiments. Upper
panel, detection of TERT-myc with an anti-Myc antibody. The middle and
lower panel show the purity of the nuclear and cytosolic extracts with the
nuclear marker topoisomerase I and the cytosolic protein Hsp70. b, nuclear
localization of Src and Yes. Nuclear and cytosolic extracts were prepared from
EC and used for immunoblotting. The following proteins were detected with
specific antibodies (from top to bottom): Src, Yes, Fyn, topoisomerase I
(nuclear marker), and GAPDH (cytosolic marker).

FIGURE 2. Subcellular localization of Shp-2 and regulation by H2O2.
a, endogenous and overexpressed Shp-2 are evenly distributed between
nucleus and cytoplasm in EC. Shp-2 wt-myc was overexpressed in EC. Nuclear
and cytosolic extracts were prepared as described under “Experimental Pro-
cedures” and used for immunoblots. Upper panel shows an immunoblot with
an anti-Shp-2 antibody, middle and lower panels demonstrate the purity of
the extracts using antibodies against the nuclear marker topoisomerase I and
the cytosolic marker GAPDH. One representative immunoblot is shown (n �
6). EV, empty vector; b, H2O2 reduces Shp-2 protein levels. Upper panel, EC
were incubated with 200 �M H2O2 for 6 h and immunoblots were performed
with an anti-Shp-2 antibody and anti-actin for normalization. Lower panel,
semi-quantitative analysis of four independent experiments. Shown are the
Shp-2 levels relative to actin, data are means � S.E. (relative levels in
untreated cells set to 1; *, p � 0.05). c, H2O2 reduces Shp-2 activity. EC were
incubated with 200 �M H2O2 for 6 h, lysed, and Shp-2 activity was measured in
the lysates. Data are means � S.E. (n � 6) and are shown relative to Shp-2
activity in untreated cells (*, p � 0.05).
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complexes between TERT-myc, Shp-2, and the transcription
factor Ref-1 (supplemental Fig. S2). Having demonstrated that
nuclear Shp-2 interacts with TERT, we next examined whether

Shp-2 has an inhibitory effect on oxidative stress-induced
nuclear export of TERT.
We overexpressed Shp-2 and TERT-myc in EC and incu-

bated them for 6 h with 200 �M H2O2 to induce nuclear export
of TERT. As shown in Fig. 4a, overexpression of Shp-2 com-
pletely abolished nuclear export of TERT. In line with this find-
ing, overexpression of Shp-2 inhibited H2O2-induced reduc-
tion of endogenous, nuclear telomerase activity (Fig. 4b).
Nuclear Retention of TERT Requires Catalytically Active

Shp-2—To determine whether the catalytic activity of Shp-2 is
required for retaining TERT in the nucleus, we investigated the
effects of the catalytically inactive, dominant negative Shp-2
mutant, Shp-2(C459S). First we verified that this mutant like
the wild-type protein is evenly distributed between nucleus and
cytoplasm (supplemental Fig. S3).
Overexpression of Shp-2(C459S) induced already under

basal conditions reduction of nuclear TERTprotein (Fig. 5a). In
addition, we transfected EC with Shp-2 wt or Shp-2(C459S),
incubated themwithH2O2 andmeasured telomerase activity in

FIGURE 3. Shp-2 associates with TERT. HEK cells were transfected with TERT-
myc and endogenous Shp-2 was immunoprecipitated from 250 �g of nuclear
protein. Immunoblots with the precipitate (IP) and 25 �g of total protein from
the supernatant (SN) were performed with an anti-Myc antibody (TERT-myc,
upper panel) and anti-Shp-2 (lower panel). IgG served as negative control. The
inset shows the reciprocal immunoprecipitation with an anti-Myc antibody.

FIGURE 4. Shp-2 wt rescues H2O2-induced loss of nuclear TERT protein and
telomerase activity. a, EC were transfected with either empty vector (EV) and
TERT-myc or with Shp-2 and TERT-myc. After incubation with 200 �M H2O2,
immunoblot against TERT-myc and topoisomerase I was performed in nuclear
extracts. a, upper panel shows a representative immunoblot with an Myc anti-
body, the upper middle panel shows purity of nuclear fraction with an anti-topoi-
somerase I antibody and upper lower panel shows purity of nuclear fraction with
an anti-GAPDH antibody (n � 4). Lower panel shows the semi-quantitative anal-
ysis of four independent experiments. TERT levels were normalized to topoi-
somerase I and are shown relative to the levels of cells transfected with EV/TERT-
myc not treated with H2O2. Data are means � S.E. (*, p � 0.05 versus TERT-myc/
EV � H2O2). b, overexpression of Shp-2 rescued H2O2-induced reduction of nuclear
telomerase activity. EC were transfected and treated as in a. Nuclear telomerase
activity was measured as described under “Experimental Procedures” and is
shown relative to the level in EV-transfected cells not treated with H2O2. Data are
means � S.E. (n � 6; *, p � 0.05 versus EV-H2O2. **, p � 0.05 versus EV � H2O2).

FIGURE 5. Nuclear retention of TERT requires catalytically active Shp-2.
a, EC were transfected with empty vector (EV) or Shp-2(C459S). Immunoblot
was performed with an anti-TERT antibody (left panel, top), an anti-topoi-
somerase I antibody (left panel, middle) and an anti-GAPDH antibody (left
panel, bottom). TERT levels were determined by semi-quantitative analysis
and normalized to topoisomerase I (right panel). Data are means � S.E. of four
independent experiments, the relative TERT levels in EV-transfected cells are
set to 1 (*, p � 0.05). b, EC were transfected with empty vector (EV), Myc-
tagged Shp-2 wt or Shp-2(C459S) and incubated with 200 �M H2O2 for 6 h.
Nuclear telomerase activity was measured and is shown relative to the level in
EV-transfected cells not treated with H2O2. Data are means � S.E. (n � 3; *, p �
0.05 versus EV; #. p � 0.05 versus EV � H2O2; $, p � 0.05 versus Shp2(C459S)).
Lower inset shows absolute values (A450) of negative and positive controls; the
measured absorbances of all samples were within the range of these controls.
To assess the levels of both Shp-2 wt and Shp-2(C459S) immunoblot of whole
cell lysates was performed with an anti-Myc antibody (upper inset, top panel),
equal loading was confirmed using GAPDH (upper inset, bottom panel).
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nuclear extracts. Shp-2 wt increased, whereas Shp-2(C459S)
reduced endogenous, nuclear telomerase activity under basal
conditions. This effect seems to be specific for Shp-2, because
overexpression of another phosphatase, namely the protein
phosphatase 2a (PP2A) did not alter nuclear TERT protein and
telomerase activity (supplemental Fig. S4). Shp-2wt completely
abrogated the effect of H2O2 on endogenous, nuclear telomer-
ase activity, which is in accordance with our data presented in
Fig. 4a. Interestingly Shp-2(C459S)-overexpressing cells showed a
stronger effect on endogenous, nuclear telomerase activity com-
pared with empty vector transfected cells under H2O2 treatment
(Fig. 5b). These data clearly demonstrate that nuclear retention of
TERT depends on the presence of Shp-2 protein and its activity.
This is in accordance with the findings shown in Fig. 2 that H2O2
treatment reduces total Shp-2 protein and activity, providing one
possible explanation for the H2O2-induced nuclear export of
TERT.
We previously reported that TERT(Y707F) is retained in the

nucleus under H2O2 treatment, suggesting that this tyrosine is
crucial for nuclear export (21). The involvement of Shp-2 in this
process suggests that phosphorylation/dephosphorylation reg-
ulates subcellular TERT localization. As expected, Shp-2 wt did
not alter nuclear telomerase activity in TERT(Y707F)-overex-
pressing cells even after H2O2 treatment because this mutant
cannot be phosphorylated at position 707 and thus does not
require dephosphorylation for nuclear retention (Fig. 6a and
Ref. 21). Moreover, under basal conditions, overexpression of
dominant negative Shp-2(C459S) reduced nuclear telomerase
activity in TERT-wt transfected cells, whereas it had no influ-
ence on TERT(Y707F) (Fig. 6b), suggesting that tyrosine 707 in
TERT is the target for Shp-2 phosphatase activity. Next, we
investigated the influence of tyrosine 707 on the TERT Shp-2

association in the nucleus in the presence and absence of H2O2.
Association of TERT(Y707F) to Shp-2 is markedly reduced
compared with TERT-wt. This is also reflected in the superna-
tants of the immunoprecipitations where more unbound
TERT(Y707F) is found (Fig. 7a). Finally, ablation of Shp-2
increased tyrosine phosphorylation of nuclear TERT-wt, whereas
TERT(Y707F) was unaffected (Fig. 7b). Similarly, reduced Shp-2
expression decreased nuclear telomerase activity and TERT pro-
tein already under basal conditions (supplemental Fig. S5 and
Fig. 7b).

DISCUSSION

The present study demonstrates that nuclear Shp-2 is asso-
ciated with nuclear TERT and dissociates from TERT prior to
its export, that Shp-2 inhibits nuclear export of TERT and that
tyrosine 707 in TERT is a target for Shp-2.
Shp-2 was identified as a cytosolic SH2 domain containing

tyrosine phosphatase, which is ubiquitously expressed. The
wide distribution of the enzyme indicates that it might regulate
various physiological functions. Homozygous Shp-2 knockout
mice are embryonic lethal underscoring the importance of the
enzyme. It is clear that Shp-2 plays a critical role in regulating
signal transduction; however, a profound biochemical basis for
the different functions of this phosphatase remains to be eluci-
dated. Our data now add another important issue to the list of

FIGURE 6. Tyrosine 707 is a target for Shp-2. a, EC were transfected with
Myc-tagged TERT-wt (WT) or TERT(Y707F) (Y707F) together with GFP or Shp-2
wt GFP. After incubation with H2O2 nuclear extracts were prepared and
nuclear telomerase activity was measured. Data are means � S.E. (n � 4)
relative to the values obtained with TERT-wt/GFP in untreated cells (*, p �
0.05 versus TERT wt/GFP w/o H2O2; **, p � 0.05 versus TERT wt/GFP with H2O2.
b, EC were transfected with Myc-tagged TERT-wt (WT) or TERT Y707F (Y707F)
together with GFP or Shp-2(C459S)-GFP. 24 h after transfection, nuclear
extracts were prepared, and nuclear telomerase activity was measured. Data
are means � S.E. (n � 4) relative to the values obtained with TERT-wt/GFP (*,
p � 0.05 versus TERT-wt/GFP; **, p � 0.05 versus TERT-wt/Shp2(C459S)-GFP).

FIGURE 7. Tyrosine phosphorylation of TERT depends on Shp-2. a, HEK
cells were transfected with Myc-tagged TERT-wt (WT) or TERT(Y707F) (Y707F),
incubated with H2O2 for 1 h as indicated and immunoprecipitated with an
anti-Shp-2-antibody from nuclear extracts. Immunoblots with the precipi-
tates (IP) and the supernatants of the IP (SN) were performed with an anti-Myc
antibody (upper panel) or an anti-Shp-2 (lower panel). b, HEK cells were first
transfected with a shRNA vector targeting Shp-2 (shShp-2) or a scrambled
control (scr) and 24 h later with TERT-wt (WT) or TERT(Y707F) (Y707F). Another
24 h later, cells were treated with H2O2 for 1 h, and nuclear lysates used for
immunoprecipitation (IP) with an anti-Myc antibody. Immunoblots with the
precipitates were performed with an anti-phosphotyrosine antibody (upper
panel) or an anti-Myc antibody (lower panel).
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unaddressed questions:What is the function for nuclear Shp-2?
Chughtai et al. (25) reported that Shp-2 exists in a complexwith
the transcription factor Stat5a. The authors speculate that
active Shp-2 and a tyrosine-phosphorylated Stat5a translocate
to the nucleus and potentially function in the nucleus to regu-
late transcription as both Shp-2 and Stat5a as a complex bind
DNA. Our data now provide evidence that Shp-2 is localized in
the nucleus already under basal conditions, where it is associ-
ated with TERT. Thus, it is tempting to speculate that some of
the physiological functions of Shp-2 have to be addressed to its
nuclear localization. The question remains how Shp-2 is
imported into the nucleus, because it lacks a nuclear localiza-
tion sequence. Therefore, a binding protein for Shp-2 could be
required to induce its nuclear import. A possible candidate is
Gab1, which has a nuclear import sequence (31) and has been
shown to bind to Shp-2 (32). Preliminary data from our labora-
tory indicate that overexpression of a nuclear localization defi-
cient Gab1 mutant prevents nuclear import of Shp-2.6
Under oxidative stress, TERT is tyrosine-phosphorylated

and thereby exported from the nucleus in a Src kinase family/
CRM1-dependent manner (21). In this study we demonstrate
that Src and Yes are also localized in the nucleus of EC and
thereby could be responsible for tyrosine phosphorylation of
TERT. Moreover, the Src kinase family has been implicated in
aging processes. This is mainly due to the fact that reactive
oxygen species, which accumulate with age and induce lipid
peroxidation, protein modification, DNA strand breaks, and
cause oxidative damage, enhance the activity of the Src kinase
family, which results in a progressive loss of cell function, a
hallmark for aging processes (22, 33–35). We provide func-
tional evidence that Src, Fyn, and Yes could play a role in aging
processes, because cells deficient in these kinases can retain
TERT in the nucleus under oxidative stress.
It has to be assumed that the export of nuclear TERT is reg-

ulated. Here, we demonstrate that Shp-2 is associated with
TERT in the nucleus under basal conditions.More importantly,
endogenous Shp-2 dissociates from nuclear TERT prior to its
export and down-regulation of endogenous Shp-2 expression
reduced nuclear telomerase activity. Thus, one may speculate
that Shp-2 protects TERT from nuclear export by complex for-
mation with TERT. Our data also suggest that tyrosine 707 in
TERT is a target for the phosphatase activity of Shp-2. There-
fore, Shp-2 might indeed be the unknown counterplayer for
oxidative stress-induced nuclear export of TERT. However, we
still do not know whether it acts solely via dephosphorylation.
However, our data presented here strongly suggested that tyro-
sine 707 in TERT is a target of Shp-2 because the phosphoryl-
ation status of TERT(Y707F) is unaffected by Shp-2 and more
importantly tyrosine phosphorylation of TERT-wt is negatively
regulated by Shp-2. As a functional consequence nuclear Shp-2
could protect the cell either against accelerated senescence or
increased apoptosis sensitivity or even both.
To our knowledge Shp-2, or more precise nuclear Shp-2, has

not been implicated in aging processes until now. It has only
been suggested that Shp-1 is responsible for aging-related

attenuation of EGF receptor signaling in dermal fibroblasts
(36), which suggests that Shp-1 negatively contributes to aging
processes. This is in line with findings that Shp-1 plays a nega-
tive role in transducing signals for cellular responses (24). Pre-
vious biochemical evidence has shown that the enzymatic
activity of Shp-2 is required for its function in signal transduc-
tion (37, 38). Replacing cysteine 459 with serine completely
abolished its enzymatic activity. Binding of thismutant to other
proteins via its SH2 domains remained unaltered. However,
introduction of this mutant markedly inhibited the activation
of MAP kinases in response to EGF and insulin (37, 39). This is
in line with our data presented here that Shp-2(C459S) has also
a nuclear localization (data not shown), but reduced nuclear
telomerase activity and TERT protein already under basal
conditions.
In summary, our study demonstrates a new important func-

tion for nuclear Shp-2 in retaining TERT in the nucleus. In
addition, tyrosine 707 is a target for Shp-2. It counteracts the
Src and Yes effects on TERT protein and telomerase activity in
the nucleus under conditions of oxidative stress, most likely by
regulating the net phosphorylation status of tyrosine 707 in
TERT. This suggests that keeping Shp-2 in the nucleus delays
aging processes and inhibits apoptosis.
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